Background: Fentanyl is commonly used in preterm infants. Relatively little is known regarding the neurodevelopmental outcomes of preterm infants exposed to fentanyl. Objective: To investigate the association between cumulative fentanyl dose and brain injury and diameters in a cohort of preterm infants. Methods: Data on demographics, perinatal course, and neonatal course, including total fentanyl exposure prior to term equivalent age, were retrospectively evaluated for 103 infants born at ≤30 weeks gestational age (mean gestational age 26.9 ± 1.8 weeks) who underwent magnetic resonance imaging at term equivalent age. Magnetic resonance images were evaluated for brain injury and regional brain diameters. Developmental testing was conducted at term equivalent and 2 years of age. Results: Seventy-eight infants (76%) received fentanyl (median cumulative dose 3 µg/kg, interquartile range 1-441 µg/kg). Cumulative fentanyl dose in the first week of life correlated with the incidence of cerebellar hemorrhage after correction for covariates (odds ratio 2.1, 95% confidence interval 1.1-4.1). Cumulative fentanyl dose before term equivalent age correlated with reductions in transverse cerebellar diameter after correction for covariates, including the presence of cerebellar hemorrhage (r = 0.461, P = 0.002). No correlation was detected between cumulative fentanyl dose and development at 2 years of age. Conclusions: Higher cumulative fentanyl dose in preterm infants correlated with a higher incidence of cerebellar injury and lower cerebellar diameter at term equivalent age. Our findings must be taken with caution, but emphasize the need for future prospective trials examining the risks and benefits of commonly used analgesic agents in preterm infants.
Introduction
Control of pain and agitation is a fundamental component of neonatal intensive care. Preterm infants are uniquely susceptible to pain due to immature pain modulatory mechanisms and prolonged hyperalgesia after tissue injury. 1 An adverse effect of pain in the preterm infant on cerebral development and neurological outcome has been demonstrated. 2 However, limitations exist in the safety profile of the agents used to ameliorate pain in the preterm infant. Extensive preclinical data suggest that opioids may have a negative impact on brain growth and development, including both antiproliferative and apoptotic effects. 3 The short-and longterm neurologic impact of morphine on preterm infants has been examined in large randomized controlled trials with additional doses of morphine being associated with an increased risk of brain injury (severe intraventricular hemorrhage [IVH] ). 4 A similar association has been observed with midazolam, possibly mediated by the hypotensive effects of both agents. 5 Concerns regarding the use of morphine and midazolam have led to utilization of alternative agents for analgesia and sedation in preterm infants.
Fentanyl, a potent synthetic mu-opioid receptor agonist, is commonly used for sedation and analgesia in infants. 6, 7 There is a paucity of data regarding the neurodevelopmental outcomes of preterm infants exposed to fentanyl. Small, randomized trials have shown reduced stress responses in ventilated preterm infants receiving continuous infusion fentanyl versus placebo, with no difference in the incidence of IVH or periventricular leukomalacia (PVL) assessed by conventional cranial ultrasound. [8] [9] [10] Notably, these studies were not designed or powered to assess brain injury.
Existing studies of sedatives and analgesics in preterm neonates employed conventional cranial ultrasound through the anterior fontanelle to assess brain injury. Conventional cranial ultrasound may underestimate the incidence of clinically important lesions, including cerebellar hemorrhage (CBH). 11 Additionally, these trials do not report impacts on brain growth. Therefore, we used existing magnetic resonance images to retrospectively investigate the association between cumulative fentanyl dose and brain injury and diameters in a cohort of preterm infants. We hypothesized that early fentanyl exposure would be associated with white matter injury or cerebellar hemorrhage evident on magnetic resonance imaging (MRI). Additionally, we hypothesized that cumulative fentanyl exposure before term equivalent age would be associated with reduced regional brain size.
Materials and Methods

Patient Population
This retrospective cohort study included assessment of MRI images obtained in preterm infants born between 23 and 30 weeks gestational age who were admitted to the neonatal intensive care unit (NICU) at St. Louis Children's Hospital and enrolled in either an observational study (n = 59) or a randomized trial of early caffeine dosing (n = 74). The observational study incorporated serial MRI in a cohort of preterm infants enrolled within the first 72 hours of life between April 2007 and October 2008. 12 The purpose of the observational study was examination of the association between microstructural changes in the preterm brain and neurodevelopmental disability in later life. The early caffeine dosing trial, also including serial MRI, randomized preterm infants to standard caffeine citrate (20 mg/kg loading dose) or high-dose caffeine citrate (80 mg/kg loading dose) within the first 24 hours of life between November 2008 and June 2010. 13 All preterm infants admitted during the study periods were considered for enrollment in the observational or randomized study. Infants who had a known congenital anomaly, were moribund with severe sepsis, were in respiratory failure, or had severe brain injury identified by cranial ultrasound in the first 24 hours of life were excluded from both studies. Severe sepsis and/or respiratory failure were defined as physiologic instability requiring > 80% FiO 2 for 6 hours and/or more than 2 inotropic drugs.
Data Collection
Total exposure to all sedative/analgesic agents in the first week of life and from birth until term equivalent age or prior to discharge from the NICU was collected from the electronic medication administration records of infants enrolled in the observational study or randomized in the early, high-dose caffeine trial. Additionally, data regarding demographics (gender, gestational age, birth weight), perinatal course (maternal age and race, maternal alcohol and illicit drug use, antenatal steroids, mode of delivery, presence of chorioamnionitis, 5-minute APGAR score, Clinical Risk Index for Babies [CRIB] score at birth), and neonatal course (days of total parenteral nutrition [TPN] and ventilation; patent ductus arteriosus [PDA] requiring treatment; necrotizing enterocolitis [NEC] defined as Bell's stage II or III; culture proven sepsis; caffeine regimen; and total exposure to inotropes, hydrocortisone, and dexamethasone) were also collected. Treatment for PDA included ibuprofen, indomethacin, or surgical ligation. Weight and occipitofrontal circumference (OFC) were recorded at birth and at the time of MRI to evaluate body and head growth, respectively.
Evaluation of Brain Injury and Diameters
Intraventricular hemorrhage was evaluated by cranial ultrasounds obtained at intervals determined by the clinicians caring for the infant. IVH was graded as I to IV by the clinical neuroradiologist. Research MRI was undertaken for enrolled infants at term equivalent age or at discharge. Brain injury was scored on T 1 -and T 2 -weighted MRI studies in 4 areas (white matter, cortical gray matter, deep nuclear gray matter, and cerebellum) using methods previously described. 14 Bifrontal diameter (BFD), biparietal diameter (BPD), and transverse cerebellar diameter (TCD) were measured. 15 The difference (d-) between each infant's regional measure and the mean regional measure in healthy fetal MRI was calculated to correct for postmenstrual age at the time of MRI scan (d-BFD, d-BPD, and d-TCD). 16 MRI analyses were undertaken by a single neuroradiologist blinded to the clinical characteristics of the infants.
Developmental Assessment
Neurobehavioral outcome at term equivalent age was assessed using the NICU Network Neurobehavioral Scale (NNNS), Dubowitz Neurological Examination, and the Neonatal Oral Motor Assessment Scale (NOMAS). Term equivalent neurobehavioral testing was conducted by a single licensed occupational therapist certified to perform these evaluations. Outcomes assessed at term equivalent age included 13 NNNS summary scores (attention, asymmetric reflexes, excitability, habituation, tolerance of handling, hypertonia, hypotonia, lethargy, quality of movement, regulation, nonoptimal reflexes, stress, and arousal), the total optimality score and the 6 compound optimality scores on the Dubowitz (tone, tone patterns, reflexes, movements, deviant signs, and behavior), and result of the NOMAS (normal, disorganized, or dysfunctional).
Infants returned at 2 years of age for a developmental assessment using the Bayley Scales of Infant and Toddler Development, Third Edition. All testers were blinded to past medical history, including exposure to sedatives/analgesics, and imaging findings. Outcomes assessed included Bayley composite scores for language, motor, and cognitive function.
Statistical Analysis
We performed statistical analyses using SPSS 19 (SPSS, Inc, Chicago, IL). To explore the relationship between cumulative fentanyl dose and outcome (brain injury and regional brain diameters), logistic or linear regression models were employed relating outcome measures to the log of total fentanyl dose in µg/kg with adjustment for potential covariates. Potential covariates with a significant association with the outcome variable tested (P < 0.1) on univariate analysis were included in the regression model.
The study was approved by the Human Research Protection Office at Washington University in St. Louis and all parents provided signed informed consent.
Results
Magnetic resonance imaging was obtained at a mean postmenstrual age of 37.6 ± 1.8 weeks in 103 of the 133 infants enrolled in the observational or randomized study (77%). Thirty infants did not undergo an MRI scan due to death prior to scan (n = 20), transfer to another NICU (n = 5), and parental refusal (n = 5). Demographic and clinical characteristics were similar in those infants who underwent MRI and those in the overall cohort.
Demographic and clinical characteristics of the infants who underwent MRI are presented in Table 1 . Of 103 infants, 25 infants (24%) received no sedative/analgesic medication before term equivalent age. For infants who received sedative/analgesic medication, the most commonly used agent was fentanyl, with 78 infants in the cohort (76%) receiving fentanyl before term equalivent age (median cumulative dose from birth to term equivalent age 3 µg/kg, interquartile range 1-441 µg/kg, range 1-3900 µg/ kg). The median duration of therapy was 2 days (interquartile range 1-7 days, range 1-84 days). Bolus doses were used for both invasive procedures and at the clinicians' discretion based on the subjective assessment of pain and agitation. Twenty-seven patients (26%) received a continuous infusion of fentanyl during the study period. The most common indication for continuous infusion of fentanyl was sedation during prolonged mechanical ventilation. Continuous infusions were generally initiated at 1 µg/kg/h and titrated by 1 µg/kg/h to a maximum dose of approximately 5 µg/kg/h as needed based on nursing assessment using Premature Infant Pain Profile and COMFORT scores. Other sedative/analgesic agents were less commonly used. Eighteen infants (17%) received midazolam, with 5 (5%) of those receiving >1 mg/kg total dose. Thirteen infants (13%) received morphine, with 5 (5%) of those receiving >1 mg/ kg total dose. Administration of these agents was limited to intermittent bolus doses.
Qualitative Brain Injury
Forty-nine of 103 study infants (48%) survived without brain injury. Higher cumulative fentanyl dose was associated with a higher incidence of any brain injury ( Table 2 ). There was no correlation between cumulative fentanyl dose and the incidence of severe IVH or cystic white matter injury. However, cumulative fentanyl dose correlated with the incidence of CBH ( Table 2) . As hemorrhagic lesions most commonly occur in the first week of neonatal life, regression analysis was performed considering only fentanyl exposure during this time period. The association between cumulative fentanyl dose in the first week of postnatal life and the incidence of CBH remained significant after adjustment for gestational age at birth, 5-minute APGAR score, severity of early illness (CRIB score), PDA requiring treatment, inotrope exposure, and hydrocortisone exposure (OR 2.1, 95% CI 1.1-4.1, P = 0.002) ( Table 3 ).
Brain Diameters
Cumulative fentanyl dose did not correlate with body weight at MRI scan or body growth between birth and term equivalent age. Cumulative fentanyl dose correlated with reductions in BFD (d-BFD: r = 0.376, P < 0.001) and BPD (d-BPD: r = 0.350, P = 0.001) as well as OFC at MRI scan (z-score: r = −0.363, P < 0.001). The association between higher cumulative fentanyl dose and lower cerebral diameters and OFC did not persist after adjustment for confounding factors.
For the cerebellum, a correlation was noted between cumulative fentanyl dose and reductions in cerebellar diameter (d-TCD: r = 0.531, P < 0.001) ( Figure 1) . The association between higher cumulative fentanyl dose and lower cerebellar diameter remained significant after adjustment for the potential confounders of gestational age at birth, z-score for weight at MRI scan, the presence of CBH, 5-minute APGAR score, severity of early illness (CRIB score), duration of mechanical ventilation, duration of TPN, PDA requiring treatment, NEC, inotrope exposure, hydrocortisone exposure, morphine exposure, and midazolam exposure (d-TCD: R 2 = 0.461, P = 0.002).
Developmental Outcome
Developmental testing was completed in 84 infants at term equivalent age and 86 infants at 2 years of age. Cumulative fentanyl dose correlated with suboptimal reflexes (r = 0.310, P = 0.004) and hypertonicity (r = 0.277, P = 0.011) on the NNNS, which did not persist after correction for gestational age at birth (P > 0.05). There was no correlation between cumulative fentanyl dose and other measures of developmental outcome at term equivalent or 2 years of age.
Discussion
Our study raises concerns regarding fentanyl exposure in the preterm infant. Many preterm infants in our institution were exposed to high cumulative doses of fentanyl during their NICU course. Fentanyl exposure was associated with an increased risk of cerebellar injury and impaired cerebellar size in a dose-dependent manner. Cumulative fentanyl dose was not independently associated with developmental outcomes at term equivalent or 2 years of age. While there are no large studies of the effects of fentanyl on acute brain injury in preterm infants, studies of the effects of morphine may be instructive, as the repercussions of morphine exposure have been evaluated in several randomized, controlled trials. In the NEOPAIN trial, continuous infusion of morphine was compared with placebo in ventilated preterm infants. 4 Morphine infusion did not alter the frequency of severe IVH, PVL, or death. However, open-label intermittent boluses of morphine were associated with a higher incidence of severe IVH in the morphine group and a higher incidence of severe IVH, PVL, and death in the placebo group. The authors hypothesized that preexisting hypotension, potentially exacerbated by morphine, may play a role in the development of these adverse outcomes. The NEOPAIN trial did not examine the incidence of CBH. The identification of CBH has been enhanced by improved neuroimaging techniques, particularly posterolateral fontanel ultrasonographic imaging and MRI. 17 We must emphasize that the retrospective nature of our analysis precludes conclusion regarding the role of fentanyl in the pathology of CBH in these infants. As fentanyl use may be a sensitive marker of concomitant morbidity in our cohort, we view this association as highly tentative, but worthy of attention in future analyses.
Preterm infants in our observational cohort with higher cumulative fentanyl dose before term equivalent age displayed marked reduction in cerebellar diameter, even after controlling for CBH and other clinical variables. Preterm infants have lower brain volumes at term equivalent postmenstrual age compared with term controls, 18 and these regional volumetric reductions correlate strongly with simple measures of regional brain diameter. 15 As with brain injury, both prematurity and corresponding morbidities likely contribute to the multifactorial pathophysiology of impaired brain growth. Vulnerability of the developing cerebellum to opioid exposure has been suggested in animal models. 19 Opioids are implicated in the modulation of proliferation, survival, and differentiation of neuroblasts and astroglia of the cerebellum. 20 Furthermore, the nuclei of fetal brain cells have a greater capacity to bind and retain opioids, as compared with maternal hosts. 21 Animal models have shown significant impact on cerebellar growth from both acute doses of morphine and more chronic morphine exposure, though it has been difficult to separate direct opioid toxicity from the behavioral influence of opioids exposure on feeding and nutrition during a critical phase of development. 22 However, a more direct opioid inhibition of Purkinje cell survival in the cerebellum has been demonstrated in mouse models. 23 Additionally, opioid exposure alters astrocyte morphology, increasing both calcium and carbonyl oxidation resulting in promotion of neuronal apoptosis. 24 Finally, opioids inhibit DNA synthesis in the external granular layer of the cerebellum, leading to the inhibition of neuroblast proliferation. 25 These preclinical findings lend plausibility to the associations observed in our retrospective cohort. Of great concern, a similar association between increased opioid exposure and impaired cerebellar growth has been reported recently in an independent retrospective cohort. 26 Finally, cumulative fentanyl dose was not independently associated with developmental outcomes at term equivalent or 2 years of age in our cohort. This correlates with findings from a previous observational study. 27 However, the previous study suffered from several limitations, including lack of prospective enrollment, exclusion of patients with severe brain injury on cranial ultrasound, and utilization of Bayley scores at 1 year of age as the sole marker of neurodevelopmental outcome. 28 In the case of our study, we are not reassured by this null finding at 2 years of age. This finding may suggest that the potentially negative impact of opioid exposure on the cerebellum are balanced by positive impacts such as reduction of pain and agitation. However, it must also be considered that the developmental assessments used in this cohort may not have been sensitive to subtle changes in neurobehavior or early developmental alterations. Cellebellar hemorrhage is associated with subsequent neurologic abnormalities, including impaired receptive and expressive language, socialization-behavorial deficits, and autism. Cerebellar underdevelopment is associated with deficits in executive functions and visual-spatial and linguistic abilities. 29 These deficits may be difficult to detect until later childhood. We will evaluate this cohort to schoolage with particular interest in impairments commonly associated with cerebellar abnormalities.
This study has limitations. We excluded moribund infants with early sepsis or respiratory failure, which may limit the generalizability of our findings. However, we would expect the adverse effects of fentanyl may be greater in this vulnerable population and their exclusion decreases the likelihood of positive associations between fentanyl exposure and brain injury and compromised brain growth. The study was retrospective and observational, and fentanyl was administered at the clinicians' discretion with practice varying between physicians. We can draw no conclusions regarding the potential causitive role of fentanyl in the observed associations and, as stated previously, these associations should be viewed as highly tentitive. The sample size was relatively small and confounded by comorbidities, including prolonged mechanical ventilation and NEC, resulting in higher cumulative doses of fentanyl in more moribund infants. These comorbidities are also significant risk factors for adverse neurodevelopmental outcome, although the pathway to such impairments is not fully understood. It must be considered that fentanyl use in our cohort may be a sensitive indicator of neonatal disease severity. We attempted to control for this effect in regression analyses, although it is not possible to consider all potential predictors of brain injury and compromised brain growth or completely address collinearity among the predictors included in our models. For example, we were unable to analyze the influence of other sedative/analgesic agents, as their use coincided with higher cumulative fentanyl dose. However, the cumulative doses of morphine and midazolam in our cohort were 10 times the standard single dose in fewer than 10 infants, compared with 39 infants receiving greater than 100 times the standard single dose of fentanyl. Despite these limitations, and based on the strength of our findings after adjusting for numerous potential confounders, our data suggest potential risk to the immature brain from high cumulative fentanyl exposure.
Conclusions
Our study raises concerns over potential detrimental effects of high cumulative fentanyl exposure in the developing brain of the preterm infant. However, we wish to emphasize that our findings do not suggest suspension of appropriate analgesia to preterm infants. Our data emphasize the need for future prospective trials examining the risks and benefits of commonly used sedative and analgesic agents in preterm infants, particularly in relation to brain growth. Additionally, further preclinical work is necessary to determine the role of opioid receptors in the development and pathology of the neonatal brain.
